Growth factor signaling coupled to activation of the phosphatidylinositol-3-OH kinase (PI3K)/Akt pathway plays a crucial role in the regulation of cell proliferation and survival. The key regulatory kinase of Akt has been identified as mammalian target of rapamycin complex 2 (mTORC2), which functions as the PI3K-dependent Ser-473 kinase of Akt. This kinase complex is assembled by mTOR and its essential components rictor, Sin1 and mLST8. The recent genetic screening study in Caenorhabditis elegans has linked a specific point mutation of rictor to an elevated storage of fatty acids that resembles the rictor deficiency phenotype. In our study, we show that in mammalian cells the analogous single rictor point mutation (G934E) prevents the binding of rictor to Sin1 and the assembly of mTORC2, but this mutation does not interfere with the binding of the rictorinteracting protein Protor. A substitution of the rictor Gly-934 residue to a charged amino acid prevents formation of the rictor/Sin1 heterodimer. The cells expressing the rictor G934E mutant remain deficient in the mTORC2 signaling, as detected by the reduced phosphorylation of Akt on Ser-473 and a low cell proliferation rate. Thus, although a full length of rictor is required to interact with its binding partner Sin1, a single amino acid of rictor Gly-934 controls its interaction with Sin1 and assembly of mTORC2.
protein kinase B, are the key players of growth factorregulated pathway implicated in cell proliferation and survival (Shaw and Cantley, 2006) .
The binding of growth factor ligand to its cognate receptor leads to the activation of phosphatidylinositol-3-OH kinase, which functions as a kinase of phosphatidylinositol-4,5-diphosphates and generates phosphatidylinositol-3,4,5-triphosphates (Cantley, 2002) . Phosphatidylinositol-3,4,5-triphosphates initiate recruitment of Akt to plasma membrane via their plekstrin homology domain (Bellacosa et al., 1998) . At the plasma membrane, Akt gets phosphorylated on Thr-308 and Ser-473 sites required for its full activation (Pearce et al., 2010) . The Thr-308 site residing within the activation loop of the Akt kinase domain is phosphorylated by phosphoinositide-dependent kinase 1 (Alessi et al., 1997; Stephens et al., 1998; Bayascas, 2008) . The mammalian target of rapamycin complex 2 (mTORC2) phosphorylates the regulatory hydrophobic Ser-473 site on Akt (Sarbassov et al., 2005a, b; Frias et al., 2006) . It has been reported that following the DNA damage conditions the DNA protein kinase also phosphorylates Akt on Ser-473 (Bozulic et al., 2008) .
Originally, mTOR was discovered as a target for the lypophilic macrolide rapamycin. Rapamycin is known to carry anti-proliferative and growth-inhibitory effects that is attributed to its specific targeting and inhibition of mTOR, a key kinase of the essential and highly conserved signaling pathway (Sarbassov et al., 2005a) . mTOR forms a core complex by its interacting proteins mLST8 and DEPTOR; this core complex forms two multi-protein complexes. The binding of raptor to the core mTOR complex defines the mTOR complex 1, which relays growth factor and nutritional cues to protein synthesis machinery by phosphorylating its two well-known substrates, S6K and 4EBP1. The second mTOR complex (mTORC2) is assembled by the binding of rictor and Sin1 to the mTOR core complex. This kinase complex phosphorylates the hydrophobic Ser-473 site on Akt, and as the component of growth factor signaling regulates cell proliferation and survival Sabatini, 2005, 2007) . Besides Akt, mTORC2 is known to phosphorylate other members of the AGC kinase family, including PKCa and SGK1 (Pearce et al., 2010 (Pearce et al., , 2011 . The recently identified rictorinteracting protein Protor, as a component of mTORC2, has been shown to be important in the regulation of SGK1 by mTORC2 (Woo et al., 2007; Pearce et al., 2007 Pearce et al., , 2010 Pearce et al., , 2011 .
Rictor is a conserved protein in all eukaryotes (Sarbassov et al., 2004) . The point mutation of rictor in Caenorhabditis elegans resembling the rictor deficiency phenotype represents the G1120E substitution mutation (Jones et al., 2009; Soukas et al., 2009 ) of the highly conserved amino acid as detected by a sequence alignment, including the yeast and human rictor orthologs (Figure 1a ). This conserved residue corresponds to the human rictor glycine at position 934.
To address a role of this conserved Gly-934 residue in rictor, we performed the functional study by mutating this rictor site. We have introduced the G934E substitution mutation within the human rictor cDNA that mimicked the reported point mutation in its C. elegans ortholog. Rictor forms a heterodimer with its binding partner Sin1, and this heterodimer interacts with mTOR to assemble mTORC2 (Frias et al., 2006; Jacinto et al., 2006) . The formation of the rictor/Sin1 heterodimer by the rictor G934E mutant was addressed by transient co-expression of the myc-tagged wild-type rictor or its mutant form with V5-tagged Sin1 (Figure 1b) because the endogenous mTORC2 components do not interfere with the interactions of the transiently expressed rictor and Sin1 (Chen and Sarbassov, 2011) . When similar amounts of cDNAs The wild-type or mutated myc-tagged rictor plasmid was transiently co-expressed with the Sin1-V5 plasmid in 293T cells. In order to overcome the low expression of the mutant form, the cDNA plasmid levels applied for transfection were increased as indicated. Following 48 h after transfection, cells were lysed as described previously in the 40 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5), 120 mM NaCl, 1 mM ethylenediaminetetraacetic acid(EDTA), 10 mM Na-pyrophosphate, 10 mM Na-glycerophosphate, 50 mM NaF and 1% Triton X-100 buffer supplemented with protease inhibitors (Roche, Indianapolis, IN, USA). The scraped lysates were incubated for 20 min at 4 1C to complete lysis. The soluble fractions of cell lysates were isolated by centrifugation at 16 000 g at 4 1C for 15 min. For immunoprecipitation, 4 mg of c-myc antibody (Santa Cruz, Santa Cruz, CA, USA) were added to the cleared cellular lysates, containing 1 mg of total protein, followed by incubation with rotation at 4 1C for 90 min. After 1 h incubation with 45 ml of the 25% protein G-agarose slurry (Thermo Scientific, Rockford, IL, USA), immunoprecipitates were washed four times with lysis buffer and analyzed for indicated proteins by immunoblotting as described previously . The mutated form of rictor displays a low binding to Sin1 in comparison with wild type. (c) Similar study has been performed and analyzed as in (a), where myc-rictor and its mutants have been co-expressed with the Flag-tagged Protor 1a. (d) The Leu-923 and Leu-943 sites of rictor are not crucial for the rictor/Sin1 interaction. The L923E and L943E myc-tagged rictor mutants were transiently expressed together with Sin1-V5 in 293T cells. To reach equal to the wild-type rictor level of expression, the same optimization as in (b) was performed. The cells were lysed and the assembled complexes were immunopurified as described in (b).
Integrity of mTORC2 R Aimbetov et al (1X) were applied for transfection in 293T cells, we detected a very low level of the mutant rictor expression compared with the wild type, suggesting that the mutant form of rictor is a highly unstable protein. To optimize the rictor mutant expression to the expression level comparable to its wild-type form, the amount of mutant rictor cDNA was increased five times (5 Â ). Because Sin1 protein stability depends on rictor expression (Frias et al., 2006; Jacinto et al., 2006) , we adopted a similar optimization step by increasing the Sin1 cDNA amount for transfection. Following the optimization of rictor and Sin1 expression, we found that the wild-type rictor co-purified with a substantial amount of Sin1 and only a weak signal of Sin1 was detected with the immunopurified rictor mutant. Even a high level of the mutant expression (5 Â ), as detected in cell lysates (Figure 1b , lower panel), did not show any substantial binding of the myc-rictor G934E mutant to Sin1. Our co-expression data indicate that a substitution of glycine residue at the position 934 to glutamic acid in the human rictor protein carries a significant effect by impeding binding of rictor to Sin1. This mutation controls particularly the Sin1 binding without affecting the binding of another rictor-interacting protein Protor (Pearce et al., 2007; Woo et al., 2007) . We found that when comparable levels of rictor wild type or its mutant were co-expressed with Protor 1a, we detected a similar abundance of Protor 1a co-purified with the myc-tagged rictor or its mutant ( Figure 1c) . A similar rictor G934D mutation carrying the substitution of Gly-934 to a negatively charged aspartic acid also prevented binding of Sin1 (Figure 3a ), but did not interfere with the binding of Protor 1a. The binding of Protor 1a to rictor was specific because the purified control myc-tagged protein gamma-tubulin complex protein 2 did not show the protein interaction. In our immunoblots the Protor 1a band was detected as a doublet, as it has been previously reported (Pearce et al., 2010 (Pearce et al., , 2011 . Our data indicate that the rictor Gly-934 site determines the binding of Sin1, whereas the binding of Protor 1a to rictor takes place independent of Sin1 on a distinct site of rictor. The area surrounding the highly conserved Gly-934 site might be important for the rictor protein-folding and has a negative effect on the interaction between rictor and Sin1 interaction. To test this hypothesis, we altered the conserved bulky hydrophobic amino acids of rictor Leu-923 and Leu-943 flanking the rictor Gly-934 site to the negatively charged glutamic acid. Both rictor L923E and L943E mutants showed low level of expression following expression of their cDNAs in 293T cells, resembling the expression of the G934E mutant. We optimized the expression of the mutants by increasing the DNA amount fivefold to be applied for transfection. Interestingly, in contrast to the G934E mutant, both L923E and L943E rictor mutants formed a complex with Sin1 and we detected only a small decrease in formation of the heterodimer compared with the wildtype rictor (Figure 1d ). The three rictor mutants that we studied showed a low expression level, which might be caused by altered protein folding leading to their low stability and short half-lives (Cordes et al., 1996) . We found that the replacement of the non-polar Gly-934 residue with the negatively charged glutamic acid prevents binding of rictor to Sin1, whereas other similar substitutions of Leu-923 and Leu-943 did not alter the rictor and Sin1 interaction. Our data indicate that a single amino-acid residue, Gly-934, of rictor is critical to form a complex with Sin1, but not with Protor 1a.
The Sin1-binding domain of rictor has not been identified. If rictor Gly-934 site determines the binding of rictor to Sin1, the rictor Sin1-binding domain might be located around this site. In an attempt to locate the Sin1-binding domain of rictor, we developed several rictor-truncated mutants missing the N-or C-terminal parts of the protein (Figure 2a) . The co-expression of the myc-tagged wild-type full-length rictor or its truncated mutants with the V5-tagged Sin1 shows that only the full-length rictor interacts with Sin1 (Figure 2b) . We found that none of the mutants containing the first conserved 1000 amino acids of rictor sequence or carrying deletion of its first 300 amino acids interacted with Sin1. This study shows that a full length of rictor is required to bind to Sin1, although the substitution of a single non-polar amino-acid glycine at the position 934 to the negatively charged glutamic acid within the rictor protein prevents its binding to Sin1.
To address further how altering the Gly-934 site changes the binding of rictor to Sin1, we mutated this site to the charged, polar or non-polar (hydrophobic) amino acid. We found that a substitution of this site by the acidic aspartic acid or basic lysine residue resembled the rictor G934E mutant. Following their optimized expression, we did not detect the binding of Sin1 to the rictor mutants (Figure 3a ), indicating that a substitution of the rictor Gly-934 site by the negatively or positively charged amino acid interferes with the binding of rictor to Sin1, whereas a substitution of the Gly-934 site by the non-polar leucine or polar non-charged glutamine does not interfere with the rictor expression, and both these mutants act as the wild-type rictor by forming a heterodimer complex with Sin1 (Figure 3a) . These data indicate that replacement of the rictor Gly-934 residue by the negatively or positively charged, but not by the polar non-charged or non-polar amino acid, has a substantial impact on the rictor by preventing its binding to Sin1 (Figure 3b) .
Assembly of mTORC2 requires formation of the rictor/Sin1 heterodimer because rictor or Sin1 does not bind to the mTOR/mLST8 complex alone (Frias et al., 2006) . The co-expression of the four essential components of mTORC2 (HA-mTOR, HA-mLST8, mycrictor and V5-Sin1) is sufficient to reconstitute the functional mTORC2 complex carrying the kinase activity towards its substrate Akt (Chen and Sarbassov, 2011) . By applying a similar reconstitution system, we found that the wild-type rictor and its G934L mutant assembled into the functional mTORC2 kinase complex, as detected by phosphorylation of Akt on Ser-473 (Figure 3c ). On the contrary, the rictor G934E mutant failed to form mTORC2 and the immunopurified rictor alone did not show kinase activity. This functional study indicates that, similar to the wild-type rictor, its Figure 3 The charged amino acids replacing Gly-934 residue of rictor prevent the rictor's binding to Sin1. (a) The myc-tagged wildtype rictor and its G934E, G934D, G934K, G934L, G934Q mutants and Sin1-V5 cDNAs were transiently expressed in 293T cells. To equalize the level of expression for non-interacting mutants, the indicated increased amounts of DNA (5 Â ) for both rictor and Sin1 were applied for transfection. After 48 h, the transfected cells were harvested and rictor/Sin1 complexes were immunoprecipitated as described in Figure 1b . Whenever non-polar Gly-934 is mutated to any charged amino acid, rictor/Sin1 interaction is impaired. Noncharged amino acids at this site have the wild-type phenotype. (b) The summary table indicating the property of the rictor mutants to interact with Sin1. In our study, we developed and analyzed seven mutants of rictor: G934E, G934D, G934K, G934L, G934Q, L923E and L943E. (c) To assemble mTORC2, 293T cells were transfected with 1 mg myc-rictor, 500 ng HA-mTOR, 400 ng Sin1-V5 and 100 ng HA-mLST8 cDNAs. For G934E mutant 5 mg rictor was used. Following cell lysis, mTOR complexes were immunoprecipitated and used for in vitro kinase assay with full-length GST-Akt as a substrate, as has been previously described (Sarbassov et al., 2005b) . 15 ml of kinase buffer containing 500 ng inactive Akt1-GST and 500 mM ATP were added to the immunoprecipitates and incubated at 37 1C for 20 min. The reaction was stopped by the addition of 200 ml ice-cold enzyme dilution buffer (20 mM 3-(N-morpholino)propanesulfonic acid, pH 7.0, 1 mM EDTA, 0.3% CHAPS, 5% glycerol, 0.1% 2-mercaptoethanol and 1 mg/ml bovine serum albumin). After a quick spin the supernatant was removed from the protein G-agarose and a 15 ml portion of the former was analyzed by immunoblotting for phospho-S473 Akt and total Akt levels. The pelleted protein G-agarose beads were also analyzed to determine the levels of rictor, Sin1 and mTOR in the immunoprecipitates. These data indicate that rictor G934L mutant is assembled into the functional mTOR complex 2 as determined by in vitro kinase assay.
Integrity of mTORC2 R Aimbetov et al G934L mutant, by forming a rictor/Sin1 heterodimer, assembles into mTORC2, whereas its G934E mutant fails to bind to Sin1 and does not get assembled into the kinase complex.
Rictor is the essential component of the mTORC2 kinase complex known to function as a regulatory Ser-473 kinase of Akt (Sarbassov et al., 2004 (Sarbassov et al., , 2005b . Loss of rictor carries a profound inhibitory effect on regulation of Akt. Introduction of the stable rictor expression into the rictor null mouse embryonic fibroblasts has been shown to reconstitute the Akt signaling associated with the increased rate of cell proliferation . In our study, we characterized a role of the rictor G934E mutation in regulation of Akt and cell proliferation. To establish the stable expression of rictor in mouse embryonic fibroblasts, we applied the retrovirus expression system as described previously . To optimize the expression levels of the wild type and its G934E mutant, the titer of the virus carrying the wild-type rictor cDNA has been decreased four times. We found that stable expression of the wild-type rictor in the rictor null mouse embryonic fibroblasts stabilized the Sin1 expression and reconstituted the Akt signaling, as detected by phosphorylation of Akt on Ser-473 (Figure 4a , lower panel). Importantly, similar expression of the rictor G934E mutant failed to stabilize Sin1 expression and carried a low effect on the Akt Ser-473 phosphorylation. Sin1 protein stability depends on the binding of Sin1 to rictor (Frias et al., 2006) and we found that only expression of the wild-type rictor, but not its G934E mutant, stabilized the Sin1 expression. The rictor mutant is deficient in regulation of Akt, as detected by its phosphorylation on the mTORC2-dependent site (Figure 4a, lower panel) , because of the lack of mTORC2 in the mutant cells, as indicated by the undetectable levels of rictor and Sin1 co-purified with mTOR ( Figure 4a, upper panel) . Moreover, we found that loss of the mTORC2 activity in cells expressing the rictor G934E mutant associates with the low rate of cell proliferation (Figure 4b ). We found that the rictor null mouse embryonic fibroblasts carrying a stable expression of the rictor G934E mutant at the 48-h time-point show only 60% of the rictor-dependent cell proliferation rate compared with the cells expressing wild-type rictor. At the 72-h time point this difference is increased up to 45%. This finding indicates that the rictor G934E mutant is not compatible with the rictor wild type in promotion of cell proliferation, which correlates well with a lack of the mTORC2-dependent activation of Akt in the mutant cells. Thus, our data indicate that the rictor G934E mutant is not capable of binding to its partner Sin1 and does not assemble into the functional mTORC2 kinase complex, causing deficiency in Akt signaling and cell proliferation.
In summary, our study explains how a single point mutation of rictor resembles the loss of rictor and the TORC2-deficient phenotype, initially identified in C. elegans as the rictor G1120E mutation in the recent genetic screening study (Jones et al., 2009) . Our study shows that the analogous mutation in human rictor by a substitution of the highly conserved glycine to glutamic acid (G934E) interferes with the binding of rictor to Sin1. The substitution of Gly-934 with several other The rictor G934E mutation leads to deficiency of the mTORC2 signaling and inhibition of cell proliferation. Stable expression of the wild-type rictor and its G934E mutant in the rictor-null mouse embryonic fibroblasts (MEFs) has been achieved by the retroviral expression system as described previously . Because of the low expression level of the mutant, we optimized its expression with the wild-type rictor by diluting the titer of the virus carrying the wild-type rictor cDNA four times.
(a) The rictor-null MEFs expressing the wild type and its G934E mutant have been analyzed by immunoprecipitation of mTOR with the following immunoblots of the cell lysates (lower panel) and immunoprecipitates (upper panel) with the indicated antibodies.
(b) Point mutation of rictor at Gly-934 inhibits cell proliferation. Cell proliferation of the rictor-null MEFs with a stable expression of the wild-type rictor or its G934E mutant shown in (a) was analyzed. As indicated, cell proliferation was assessed by plating 50 000 cells into six-well plates and cell counting was done after 48 and 72 h of incubation of cells in 10% serum. The cell number data were graphed using GraphPad Prism 5 software. Results are reported as mean ± s.d. of three independent experiments. Comparisons were performed with a two-tailed paired Student's t test. In all tests, Po0.05 was considered significant.
